This paper presents a numerical model to determine the trajectory of sphere particles when submitted to ultrasonic progressive waves. This model assumes that the following forces act on the particle: gravity, buoyancy, viscous forces and acoustic radiation force due to progressive wave. In order not to restrict the model to a small particle size range, the viscous forces that act on the sphere are modeled by an empirical relationship of drag coefficient that is valid for a wide range of Reynolds numbers. The numerical model requires the pressure field radiated by the ultrasonic transducer. The pressure field is obtained experimentally by using a calibrated needle hydrophone. The numerical model validation is done by dropping small glass spheres (on the order of 500 m diameter) in front of a 1-MHz 30-mm diameter ultrasonic transducer. When the particles cross the transducer face, the radiation force produced by the transducer pushes the particles away. The glass particles trajectory is obtained by a CCD camera. The experimental trajectory shows good agreement with that predicted by the numerical model.
Introduction
Acoustic radiation force applications, such as particle manipulation [1] and acoustic separation [2] [3] , commonly use standing wave fields to produce forces on particles. Ultrasonic transducers typically used in these applications operate in water at frequencies exceeding 1 MHz, which results in wavelengths on the order of 1 mm or less. As the typical sizes involved are similar to the wavelength, acoustic radiation force applications are commonly used for separate or manipulate small particles inside microchannels. In order to expand these applications to larger scale channels, it is shown in this work that ultrasonic progressive waves can be used in particle manipulation and ultrasonic separation instead of standing waves.
In this work it is presented a numerical model to determine the trajectory of sphere particles when submitted to ultrasonic progressive waves. The numerical model considers that the volume of particles is small compared with the volume of fluid. In this case, we can consider that the particle movement does not generate fluid flow. It is also consider that the acoustic wave amplitude is not high enough to cause acoustic streaming.
The numerical model validation is done by dropping small glass spheres in front of an ultrasonic transducer. The spheres experimental trajectories are compared with that predicted by the numerical model.
Numerical model
In this section it is presented a numerical model to predict the trajectory of a small sphere when it is dropped in front of an ultrasonic transducer. The forces that act on the sphere are shown in Fig. 1 . In this figure, F g is the force due to gravity, F b is the buoyancy force, F w is the acoustic radiation force due to the progressive wave and F vx and F vy are the viscous force in direction x and y, respectively. The gravity force F g and buoyancy force F b are given, respectively, by:
where R is the particle radius, p is the particle density, = 1000 Kg/m 3 is the water density and g = 9.8 m/s 2 is the gravity acceleration. The force that acts on the particle due to a progressive wave is given by [4, 5] where A is the wave pressure amplitude, c = 1480 m/s is the propagation velocity in water and k is the wavenumber. The wave pressure amplitude is not constant in front of the transducer face. In this work the pressure amplitude distribution is obtained experimentally by using a calibrated needle hydrophone. The viscous forces that act on the sphere are modeled by an empirical relationship of drag coefficient that is valid for a wide range of Reynolds numbers. This relationship is used in this work in order not to restrict the model to a small particle size range. This relationship was obtained by Almedeij [6] . The viscous forces F vx and F vy that act on the sphere are given by:
where v x and v y are the particle velocities in direction x and y, respectively, v is the particle velocity modulus and C d is the drag coefficient. The particle velocity modulus v is given by: (6) and the drag coefficient C d is given by [6] : where Re is the Reynolds number. The Reynolds number for a sphere is given by:
In eq. (12), is the dynamic viscosity of the fluid. The forces given by eq. (1)- (5) were used in a finite difference algorithm to determine the trajectory of the particles when submitted to an acoustic radiation force. It is considered in this model that the acoustic wave amplitude radiated by the transducer is not high enough to cause acoustic streaming in the fluid. In this case, we can consider that the fluid is not moving.
Experimental setup
The numerical model validation is done by dropping small glass spheres (on the order of 500 m diameter) in front of a 1-MHz 30-mm diameter ultrasonic transducer. The glass particles trajectories are obtained by using a CCD camera. The image acquisition was done in Matlab and it was used a long exposure time to determine the particle trajectories. The experimental setup used to determine the particle trajectories is shown in Fig. 2 . In this setup, a spotlight was used to increase the contrast between the glass particles and the background.
The numerical model used to determine the particles trajectories requires the acoustic field radiated by the ultrasonic transducer. The transducer pressure field was obtained experimentally by using a calibrated needle hydrophone. The pressure field of the transducer is presented in Fig. 3 . The pressure field in Fig. 3 was obtained by applying a sine wave signal of 40 Vpp amplitude and 1 MHz to the transducer. The amplitude of 40 Vpp is not high enough to cause nonlinear propagation. 
Results
First, the numerical model was used to determine the trajectories of glass particles when it is dropped in front of the ultrasonic transducer. All the simulations were done with dynamic viscosity of water = 8.9 x 10-4 Pa.s, particle radius R = 250 m and particle density p = 2500 Kg/m3. The glass particle trajectories were determined for six different horizontal initial positions (x = 20, 40, 60, 80, 100 and 120 mm) and vertical initial position y = -25 mm. The transducer acoustic field and the simulated particle trajectories are shown in Fig. 4 . In this figure, the transducer was excited with a sine wave of 40 Vpp. Figure 4 shows that the particles are deflected when it cross the front of the transducer face. Initially, the particles move vertically due to gravity. When a particle crosses the front of the ultrasonic transducer, it applies a radiation force to the particle. This radiation force moves the particle in the horizontal direction. After the particle crosses the transducer, the viscous force in x is responsible to stop the movement in this direction. The particle deflection did not change significantly, although the acoustic field was not constant in front of the transducer. For all the initial positions, the particle deflection corresponded to approximately 10 mm. The particle deflection as a function of the initial horizontal position is shown in Fig. 5 . Fig.4 Acoustic field of the ultrasonic transducer and simulated glass particle trajectories (white lines). After determining the particle trajectories for different initial positions, the numerical method was used to determine the trajectories of glass particles for different transducer excitation voltages (40, 60, 80 and 100 Vpp). It is assumed that the increase in the excitation voltage is not enough to cause nonlinear propagation. This hypothesis allows us to determining the acoustic field without measuring the acoustic field for different excitation voltages. In all the cases, the initial position corresponds to x = 20 mm and y = -25 mm. In order to validate the numerical model, the experimental setup of Fig. 2 was used to determine the trajectory of glass particles. The particles were dropped approximately 20 mm from the transducer face. The comparison between the simulated results and the experimental results is present in Fig. 6 .
The experimental trajectories were obtained by subtracting the image without the particles from the image with the particles. Due to the difficulty of dropping a particle exactly at the center of the ultrasonic transducer, it were dropped many particles instead of only one. It was verified that the more deflected particles were at the center of ultrasonic transducer.
The experimental trajectories of the more deflected particles agree with that obtained by the numerical model. The trajectory obtained numerically is represented by the red lines in Fig. 6 
Conclusions
This paper presented a numerical model to predict the trajectory of small particles when submitted to ultrasonic progressive waves. The comparison between the simulated and experimental results showed that the proposed numerical model can be used to correctly predict the behaviour of spherical particles in the presence of ultrasonic progressive waves. The experimental and simulated results suggest that progressive waves can be used in particle manipulation and ultrasonic separation instead of the classical approach of using standing waves.
